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Abstract. The plasma parameters such as electron distribution function and electron density of three 
atmospheric-pressure transient discharges namely filamentary and homogeneous dielectric barrier 
discharges in air, and the spark discharge of argon plasma coagulation (APC) system are determined. 
A combination of numerical simulation as well as diagnostic methods including current measurement 
and optical emission spectroscopy (OES) based on nitrogen emissions is used. The applied methods 
supplement each other and resolve problems, which arise when these methods are used individually. 
Nitrogen is used as sensor gas and is admixed in low amount to argon for characterizing the APC 
discharge. Both direct and stepwise electron impact excitation of nitrogen emissions are included in 
the plasma-chemical model applied for characterization of these transient discharges using OES where 
ambiguity arises in the determination of plasma parameters at specific discharge conditions. It is 
shown that the measured current solves this problem by providing additional information useful for the 
determination of discharge-specific plasma parameters. 
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1. Introduction 
Atmospheric pressure discharges have wide field of applications in industry and medicine as sources 
for generation of chemical active species like ozone, for treatment of living organisms, etc. The 
densities of charged particles in the discharges at atmospheric-pressure conditions are usually high that 
causes high gas temperature. To prevent overheating of the treated object in medical applications or 
during treatment of thermolabile materials, these discharges are operated in the transient mode with 
plasma duration in the range of several nanoseconds to a few microseconds. For this purpose, pulsed 
power supplies are applied and a dielectric layer can be placed between the electrodes.  
 
Determination of plasma conditions (like gas temperature) and plasma parameters (electron 
distribution function and electron density) are required for effective optimisation, and thereby the safe 
application of the plasma sources. Characterization of the plasma sources operated at atmospheric 
pressure is a complicated task because of high densities of gas and charged species as far as small 
plasma volumes are concerned. Voltage-current measurements, optical emission spectroscopy (OES), 
and numerical simulation are applied for characterization of transient discharges operated at 
atmospheric-pressure conditions [1], [2], [3].  
 
Complicated plasma-chemical models and different assumptions have to be used when these 
diagnostic methods are applied separately. Combination of experimental and theoretical diagnostic 
methods like numerical solution of Boltzmann equation and optical emission spectroscopy (OES) are 
effectively applied for plasma characterization of discharges operated at atmospheric pressure, namely 
dielectric barrier discharges (DBD) in air [1], microwave discharge in N2/O2 mixture [4], and radio 
frequency -jet in He/O2/N2 mixture [5]. Nitrogen acts as sensor gas and OES diagnostics was applied 
in assumption that all nitrogen molecular emissions are excited during electron impact of ground state 
N2(X).  However, at some plasma conditions, especially at high electron density, this assumption is not 
sufficient and a plasma-chemical model, where emission of nitrogen ions also excited by electron 
impact of ground state of N2
+
, must be applied [6]. Therefore, consideration of plasma chemical 
models of excitation of both nitrogen emissions is necessary. 
 
  In certain discharge configuration, e.g. in filamentary discharges or homogeneous discharges 
in the gap between flat electrodes, current and microphotography measurements can be applied for 
current density determination. This gives additional information about plasma parameters because 
current density is a function of electric field and electron density.  
 
In this study, we present the determination of plasma parameters in atmospheric pressure 
transient discharges taking into account the direct and stepwise excitations of nitrogen molecular 
emissions. In addition, we show that the reliability of the determined parameters can be ensured by 
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using the measured current in the plasma source as an additional diagnostic tool. The three transient 
discharges reported here are the homogeneous DBD [3] and the single-filamentary DBD [2] in air 
(78% nitrogen/ 21% oxygen) as far as the spark discharge ignited in a medical argon plasma 
coagulation system (APC) [7] in a mixture of 95% argon and 5% nitrogen. 
We report the combination of theoretical and experimental methods to determine plasma parameters in 
these transient discharges that are characterized with distinct plasma conditions.    
 
2. Diagnostics and plasma characterization  
      Nitrogen is used as sensor gas in our experiments for OES diagnostics. UV-emission of nitrogen 
(N2(C-B) - second positive system and N2
+
(B-X) - first negative system) are excited in the plasma 
volume. The gas temperature (Tg in K) and the plasma parameters (electron velocity distribution 
function - fv(E) in eV
-3/2
, and electron density - ne  in m
-3
) are determined using these emissions. The 
averaged gas temperature in the active plasma volume is determined using rotational distribution of 
vibrational band N2(C-B,0-0) at 337.1 nm. Due to fast rotational relaxation at atmospheric-pressure, 
the rotational temperature (Trot) of diatomic molecules is equal to the gas temperature. The measured 
emission spectrum of N2(C-B,0-0) band is compared with simulated spectra for various rotational 
temperatures. By fitting, the averaged gas temperature in the active plasma volume is determined [1]. 
  
The emission spectrum of plasma ( )(I  in photon·s
-1
·nm
-1
) is measured using an Echelle 
spectrometer (ESA 3000, LLA Instruments, Germany) (figure 1) with a spectral resolution 
13333




R  for the wavelength region of  = 200 - 800 nm corresponding to the FWHM (full 
width at half maximum) of the apparatus-function of  = 0.015 - 0.06 nm. Optic fibre of spectrometer 
is provided with diaphragm for limitation of the acceptance angle and increase of space resolution by 
OES diagnostic. The spectrometer is relatively and absolutely calibrated using a tungsten-ribbon lamp 
and the well-known photoemission of nitric oxide and N2 [8].   
 
The diameter dp (in m) of the cylindrical microdischarge channel in the filamentary DBD and APC 
discharge is determined by microphotography using a high-speed sensitive CCD camera (Sensicam qe, 
PCO Germany). At that uniform radial distribution of photoemission in the plasma channel is 
assumed and two dimensional Abel transform ( )()(
22
0 rrCrI  , I(r) - measured 
irradiance, r0 - radius of the plasma channel) of the image is applied. 
The measured radial distributions of filamentary DBD and APC discharge (figure 2) slightly differ 
from the homogenous ones. To determine the diameter of the plasma channel, we calculate the 
diameter of homogenous plasma channel that provides the equal integral of the intensity in radial 
direction of the image measured by CCD.  
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Figure 1. Experimental setup by characterization of filamentary DBD using OES. Similar setup is 
applied by characterization of homogeneous DBD and APC discharge. (a) d – distance between the tip 
of the spike and the entrance hole of the optic fibre; (b) distance (= 3.4 mm) between the spike and 
ceramic covering of the DBD electrode ; (c) acceptance cone is half than interelectrode distance  
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Figure 2. Radial intensity distribution in APC discharge image determined by CCD (■).  Intensity 
distribution in image of uniform plasma channel with equal integral in radial direction (dotted line) 
 
For homogeneous DBD, the diameter is equal to diameter of powered electrode, because the whole 
gap between the electrodes is filled with plasma.  
 
    The electric current and the plasma duration are determined from the current pulse measured 
using a current monitor (Pearson
TM
 Current Monitor – 2877 with 1 V: 1 A output). The current and 
voltage traces are recorded using an oscilloscope (LeCroy Waverunner 204 Xi - A, 2 GHz), whereby 
the voltage is measured using a voltage divider (figure 1). 
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       The intensities of molecular bands  0)-0 B,-(CN2I and  0)-X,0-(BN2
I  (in photon·s
-1
·m
-3
) are obtained 
by integrating the measured spectrum corrected to the efficiency of the spectrometer (1) and divided to 
observed plasma volume (
obs
pV in m
-3
) and geometrical factor (G)  
 
                         
GV
dI
I
obs
p
)00,BC(N
2
1
2 






                                   (1) 
 
For calculation of the plasma volume observed by the spectrometer, the acceptance angle of the 
spectrometer obtained with the fitted diaphragm and the geometrical factor are taken into account. The 
geometrical factor is equal to the ratio between the circular area of the entrance hole of the optic fibre 
and the surface area of the sphere with radius d (in m) - the distance between the optic fibre and the 
active plasma volume (see figure 1).  
            In the case of single-filamentary DBD, the averaged plasma parameters in the channel can be 
effectively influenced by the large electric field due to the surface discharge on the ceramic [1] as well 
as on the tip of the spike. Hence, the optic fibre was positioned in such a way that the emission from 
the “body” of the microdischarge channel between the electrodes is observed. The height of the 
microdischarge channel seen by the spectrometer during characterization of filamentary DBD is 1.6 
mm including the acceptance cone (figure 1).  
            At our experimental conditions, nitrogen photoemissions N2(C-B) and N2
+
(B-X) can be excited 
by electron impact and by collisions with argon metastables ((2-10) and figure 3).   
  
N2(X) + e  N2(C) + e                                                              (2) 
N2(X) + e  N2
+
 (B) + 2e   (3) 
N2
+
 (X) + e  N2
+
 (B) + e  (4) 
N2(X) + e  N2(A) + e  (5) 
N2(A) + e  N2(B) + e (6) 
N2(A) + e  N2(C) + e (7) 
N2(A) + e  N2
+
 + 2e (8) 
Ar + e  Ar* + e  (9) 
Ar*+ N2(X)  N2(C) +  Ar  (10) 
 
N2(C-B,0-0) can be excited by direct electron impact excitation of ground state neutral 
nitrogen molecule N2(X) (2) as well as by stepwise excitation via neutral metastable state N2(A) (5)  
and by collisions with excited argon atoms (10). The  N2
+
(B-X,0-0) emission can be excited by 
electron impact of N2(X) (3)  and ground state molecular ion N2
+
(X) (4), and both excitation processes 
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are considered in the presented study (figure 3). Processes (9, 10) are not considered in the case of 
DBD because of low concentration of argon in air plasma. 
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Figure 3. General scheme of energy levels and processes considered for OES diagnostic applying 
N2(C-B) and N2
+
(B-X) emissions by characterization of DBD and APC discharge. Processes (9, 10) 
are not considered in the case of DBD because of low concentration of argon in air plasma. 
 
 
The ratio of intensities of nitrogen emission bands in the DBD and APC discharge depends on 
the electron distribution function and the density of nitrogen molecular ions (11):   
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where, 
 


M
M
)B(N
qM
)B(N
NkA'
A'
Q
22
and 
 

M
M
)C(N
qM
)C(N
NkA
A
Q
22
, 'A and A (in s-1) are the 
corresponding Einstein coefficients [9], [10], 
)B(N
qM
2k

 (in m
3
·s
-1
) is the rate constant for quenching of 
N2
+
(B) excited states during collision with gas species M (N2 and O2 for DBD [8], and N2 and Ar for 
APC discharge [9]), 
)X(N2
N   (in m
-3
) is the density of nitrogen molecular ions. 
)B(N2
k 
 
and )C(N2k (in 
m
3
·s
-1
) are the rate constants, respectively, for photoemission from level N2(C) to N2(B) (abbreviated 
N2(C-B)) and N2
+
(B) to N2
+
(X) (abbreviated N2
+
(B-X)), where the levels N2(C) and N2
+
(B) are 
populated by electron impact excitation from N2(X). 


2
2
N
)B(N
k is the rate constant for electron impact 
excitation of N2
+
(B-X) emission from N2
+
(X). In (11), 
2
2
2
2 N
*qArN
Ar2
*qAr
2
Ar
e
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*Ar
*Ar
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K

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is included only for APC discharge, where 
*Ar
)C(N2
k  is the rate constant for the excitation of N2(C) 
emission by collisions of argon metastables with nitrogen (2.810-17 m3s-1 at 300 K [9]), *Ark is the 
rate constant for electron impact excitation of argon metastables and resonance states  (in m
3
·s
-1
), B1 = 
0.787 and B2 = 0.5 are the branching in vibrational distributions of N2(C-B) by excitation of nitrogen 
in collisions with excited argon atoms [9], 
e
*qArk , 
Ar2
*qArk , 
2N
*qArk  are the rate constants of corresponding 
processes for quenching of excited Ar by collisions with electrons (ionisation), two argon atoms and 
nitrogen molecule (
Ar2
*qArk
 
=
 
1.210-44 m6s-1 [9], 2
N
*qArk  = 3.510
-17
 m
3s-1 [9]), and ArN
 
is the density of 
Ar (in m
-3
). Because of the similarity of energy terms of metastable and resonance argon states, and 
due to trapping of photoemission at atmospheric conditions, we include the resonance state with the 
rate constants determined for metastable states [10] by consideration of simulation of nitrogen 
excitation. 
)A(N
)C(N
2
2
K  in equation (11) is the rate constant for production of N2(C) from N2(A), 
determined by 
)()(
)(
)(
)(
)(
)(
)(
)()(
)(
2
2
2
2
2
2
2
2
2
22
2
)3()2(
AN
N
AN
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AN
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AN
CN
XN
ANAN
CN
kkk
BBkk
K


 . Where, )X(N )A(N
2
2
k  (in m³·s-1) is the rate constant 
for electron impact excitation of N2(A) state from N2(X), 
)A(N
)C(N
2
2
k , 
)A(N
)B(N
2
2
k , and )A(N
N
2
2
k    (in m³·s
-1
) are 
the rate constants for electron impact excitation of N2(C), N2(B), and N2
+
 from N2(A). B3 is branching 
in vibrational distributions of N2(C) (B3 = 0.5) that is determined in our experiment using vibrational 
distribution in emission of nitrogen and known Frank-Condon factors [11].                                                                                                                                                                               
        The excitation rate constants by electron impact depend on fv(E) and the excitation cross-
section σexc (in m
2
) [12], [13], [14], [15], [16] as shown in (12):  
 
 (12) 
 
 
where e and m are elementary charge (in C) and mass of an electron (in kg). Here, E is the kinetic 
energy of electrons (in eV). fv(E) is normalized to fulfil (13): 
                                                  1Ed E)E(
v
24
0
f  

      (13) 
        To calculate these rate constants, we solve the Boltzmann equation (14) numerically in „local 
approximation‟ for discharge-specific gas mixtures (DBD: nitrogen/ oxygen = 78%/ 21%; APC 
discharge: argon/ nitrogen = 95%/ 5%) [17]. The program code „EEDF‟ developed by A P 
Napartovich et al. [18] is used for this purpose,  
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where f is the electron distribution function, V  is the gradient in velocity space and E

 is the electric 
field strength. The term on the right hand side of equation (14) includes all kinds of binary electron-
heavy particle collisions. Electric field at our experimental conditions is not known a priory, hence we 
simulate fv(E) in a broad range of electric field strength values (14) and calculate excitation rate 
constants by electron impact using (12), which are used in plasma-chemical modelling.  
Applying rate constants for ionisation of working gas species and lifetime of positive ions at 
DBD and APC discharge conditions, we determine the density of nitrogen ions 
)X(N2
N   in assumption 
of quasi-neutrality (15): 
 
                    ie
ArArNO
N
e)X(N
Rn
NNNN
N
nN
222
2
2





                                (15)                        
 
After substitution of 
)X(N2
N  , equation (11) for intensity distribution in the emission spectrum 
of nitrogen can be used in a more general case for the determination of electron density, which is a 
function of the reduced electric field (16): 
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Absolute intensity of nitrogen emission  )00,(2 BCNI  and electric current 
 
are functions of electric field 
and electron density and also used by determination of plasma parameters (17, 18) 
 
                       
 
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KKkNQ
I
n
)A(N
)C(N
*Ar
)C(N)C(NN)C(N
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                                           )N/E(F
ve
j
n
d
e 

                                                           (18) 
 
where, j is the current density (in Am-2), and vd is drift velocity of electrons (in m∙s
-1
) at corresponding 
plasma conditions calculated applying the program code 'EEDF'.    
    The plasma parameters (electric field and electron density) at our experimental conditions are 
determined by solution of a system of equations (16-18). Equations (16-18) present a system of non-
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linear equations which are used for the determination of electron density, and reduced electric field 
and the corresponding electron distribution function.  As discussed earlier, 
*Ar
)C(N2
K  is a function of 
electron density and also has an influence on the electron density determined using (16) and (17). 
Hence, we determine ne in APC discharge operated in Ar/N2 mixture applying (16) and (17) and 
method of successive approximations (see below). 
 As was mentioned above, by determination of averaged plasma parameters for DBD operated 
in air the density of argon is negligible. Because of the high velocity of the working gas and the small 
distance between powered electrode and tissue the influence of oxygen on plasma-chemical conditions 
in APC discharge operated in an Ar/N2 mixture is also negligible. The validation of this assumption is 
tested by application of a quartz tube placed around the powered electrode, which protects the 
discharge from the influence of surrounding air. No differences in emission spectra of nitrogen and 
argon are established by application of this quartz tube.        
The rates of direct and stepwise excitations of nitrogen photoemissions are proportional to 
steady state densities of the species, namely nitrogen molecule's N2(X) and nitrogen molecular ion's 
N2
+
(X) in ground state, and nitrogen metastable's N2(A), as far as the rate constants for the 
corresponding electron impact excitations. At considered plasma conditions, the density of nitrogen 
molecules in ground state can be calculated using gas temperature, pressure, and working gas mixture. 
The density of nitrogen molecular ions is determined in our study using electron density in assumption 
of plasma quasi-neutrality and partial density of nitrogen molecular ions that is function of 
corresponding ionization rates, and lifetime of molecular and atomic positive ions at considered 
plasma conditions.     
The lifetime and steady state concentration of metastable N2(A) depends on the rate constants 
of quenching and the densities of the quenchers. At atmospheric pressure plasma conditions in air, the 
nitrogen metastables are quenched effectively in collisions with oxygen molecules and atoms, ozone 
and nitrogen oxides [19]. Because of this reason the density of nitrogen metastable N2(A) at 
atmospheric pressure conditions in air amounts about  10
20
 m
-3 
[20], which is about five orders of 
magnitude lower than the density of nitrogen in ground state. The rate constants of electron impact 
excitation of N2(C-B) emission from N2(A) determined using (12) and cross section σexc(E) calculated 
in [15] are about three orders of magnitude higher than the rate constants determined for direct 
electron impact excitation from nitrogen ground state. Therefore stepwise excitation of N2(C-B) 
photoemission excited from nitrogen metastable N2(A) is negligible by characterization of DBD 
plasma in air.      
       Plasma parameters of transient discharges are determined in our experiment with low space and 
time resolution. We determined temporary averaged electric current density in assumption of radial 
homogeneous distribution and nitrogen emission spectra with resolution of about 1 mm and 1 s. At 
that, the spectrometer observes regions of different plasma conditions (electric field and electron 
density) and the current is not constant during the active phase of the discharge. Such experimental 
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method cannot be used for the study of a temporal and space behavior of plasma parameters in 
transient discharges in contrast to cases  [21] where the maximum value of the electric field near the 
head of the streamer is determined by using OES after the corresponding corrections. Our diagnostic 
method is based on averaged OES and current measurements, and can provide important information 
concerning averaged rates of the production of chemical active radicals or excitation of 
photoemissions by application of different plasma sources. These can be calculated applying 
temporary and space averaged plasma parameters. The influence of inhomogeneity of the plasma 
parameters on calculated excitation (or dissociation) rates by application of OES diagnostics was 
studied in [9], [22], [6], and a good agreement between space resolved and averaged excitation rates 
was found in most cases.    
 
3. Atmospheric-pressure DBD in air: Discharge modes and plasma characterization  
3.1. The DBD device and discharge modes 
The DBD device [1] consists of a ring-shaped powered copper electrode (diameter = 8 mm) 
covered with ceramic (Al2O3) of 1 mm thickness. The counter electrode can be objects of high 
capacitance or grounded electrodes of different materials and profiles (flat or spike). A high voltage 
pulsed power supply of 300 Hz trigger frequency is used to ignite a discharge in ambient air. Each 
trigger pulse initiates a sequence of high voltage oscillations with damped amplitude; the frequency 
within each sequence is 100 kHz with maximum amplitude of about 12 kV [1]. Different counter 
electrodes namely metal, glass and liquid are used [3] for plasma characterization. A grounded 
aluminium spike ignites a single-filamentary discharge (figure 4) [2] while glass, when used as the 
counter electrode, produces a homogenous discharge [3] for the same applied voltage and trigger 
frequency. A detailed discussion on the formation of these different modes is already presented [3]. 
The plasma duration depends on the applied voltage and the inter-electrode distance. In our 
experiment it is 20 ns for the single-filamentary DBD and 18 ns for the homogeneous DBD. The 
current and voltage profiles for homogeneous mode are shown in figure 5.  
        In emission spectrum of DBD in air, the vibrational bands of 'second positive' (N2(C-B)) and 'first 
negative' (N2
+
(B-X)) systems of nitrogen are observed. In figure 6, a typically optical emission 
spectrum for homogeneous DBD in air is shown. Intensity distribution in vibrational spectrum of 
nitrogen depends on the known Frank-Condon factors [11], [23] by photoemission and electron impact 
excitation, and also on vibrational distribution in ground state. The latter can be determined applying 
measured emission spectrum. 
     In UV-spectral range of emission spectrum measured for APC discharge not only nitrogen bands 
are observed but also other diatomic molecules like NH(A-X) and CN(B-X). The overlapping of these 
bands with nitrogen emission causes a high inaccuracy by gas temperature measurement and 
determination of drift velocity of positive ions. 
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Figure 4. Inverse microphotograph of single-filamentary DBD ignited in air with grounded aluminium 
spike as the opposite electrode. (Only a section of the DBD electrode is shown). Amplitude of applied 
voltage = 12 kV. Distance between electrodes = 3.4 mm. 
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Figure 5. Measured current and voltage profiles for homogeneous DBD in air. Averaged duration of 
current pulse (FWHM) amounts to 18 ns.   
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Figure 6. Emission spectrum measured for homogeneous DBD in air.    
 
3.2. Plasma parameters in single-filamentary and homogeneous DBD modes 
For the characterization of DBD, we determine 




22
2
ON
N
i
NN
N
R  in air at atmospheric pressure, 
where 
2N
N and 
2O
N are the densities of nitrogen and oxygen molecular ions (in m-3), calculated by 
taking into account the ionization and recombination of molecular nitrogen and oxygen ions. Electron-
ion recombination rate constant for nitrogen ions is calculated using equation (12) and cross section 
from [12]. The expression 




 
e
13
T
K300102  m3∙s-1 [24] is applied for determination of the 
recombination rate constant for electron-oxygen ion recombination. At that, electron temperature is 
determined by averaging the EVDF in the region of electron kinetic energy of 0 - 10 eV.  
 
        We calculate electron densities applying measured intensities of nitrogen emissions and current 
densities using (16-18) in broad region of electron kinetic energy, and present these dependences in 
graphical form (see figure 7) to find all possible solutions to the system of equations, and rule out 
possible ambiguity, if any. The lines corresponding to the ratio of nitrogen intensities determined in 
assumption of only direct electron impact excitation of nitrogen emissions (19) are also presented in 
figure 7. 
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I
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2
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



                    (19) 
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 An exact solution of the system of equations (16-18) is given by the intersection of all three 
curves in one point. But because of inaccuracies of measured values and applied rate constants, the 
intersection of these curves can give three points (see figure 7) close to each other. In this case, the 
reliable solution must be determined after the analysis of the confidence intervals of the measured 
values and used rate constants. The reliability of the determined plasma parameters will be discussed 
below. Here, the aim is to emphasize that in both modes (filamentary and homogeneous) of DBD, the 
averaged electric field is high (about 200 Td). The intersections of the curves in the lower electric field 
region correspond to the plasma conditions, where emission intensities and current cannot be 
measured simultaneously and cannot give reliable plasma parameters. 
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Figure 7. Graphical interpretation of equations system (16-18) for homogeneous DBD (top) and 
single-filamentary DBD (bottom). ■ - applying ratio of nitrogen emissions (16), ▲ - absolute intensity 
of N2(C-B,0-0) (17),  ● - current density (18). Dotted line presents the electric field determined 
applying ratio of nitrogen intensities in assumption of only direct electron impact excitation (19).   
 
 
4. Argon plasma coagulation (APC) system   
The argon plasma coagulation system comprises of an APC unit (ERBE APC 2 system, ERBE 
Elektromedizin GmbH, Tuebingen, Germany), an electrosurgical generator (ERBE VIO 300 D, ERBE 
Elektromedizin GmbH, Tuebingen, Germany), and an APC probe (ERBE Elektromedizin GmbH, 
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Ref.: 20132-156). This consists of a flexible poly-tetrafluoroethylene (PTFE) tube with an outer 
diameter of 2.3 mm, an inner diameter of 1.5 mm, and a length of 2.2 m. The PTFE tube encloses a 
stainless steel wire electrode (active electrode) of 0.1 mm diameter and a tungsten spike at the distal 
end of the electrode. The electrode is powered by a high voltage electrosurgical generator. In our 
experiments the distance between the APC probe and the treated biological tissue (porcine kidney 
without capsule, defrosted at room temperature) amounts to 2 mm. The biological tissue is treated 
when high voltage at the electrode of the argon plasma coagulator is applied, and the plasma is ignited 
that transmits electric current to the biological object [25], [26]. Thereby, surgical tissue-effects, like 
desiccation and coagulation [27], occurs.  
 
Argon is used as the working gas for plasma ignition, which flows through the PTFE tube. In 
our experiment, nitrogen (5%) is admixed to the argon and is used as sensor-gas for OES diagnostics. 
Gas flow is 0.6 slm. The high voltage of both polarities is generated by the electrosurgical generator 
(see figure 8) with a trigger frequency of 350 kHz. During the positive phase of the high voltage, a 
spark discharge is ignited (see figure 9). Whereas, a normal glow discharge with typical negative glow 
near the cathode surface fills the gap between APC spike and tissue surface during the negative phase 
of the high voltage. By ignition of the spark discharge, a streamer crosses the gap between the APC 
spike and the treated tissue, and produces a thin conductive channel with a height of 2 mm (see figure 
9a). During ionisation wave in direction to the anode, the gas in the plasma channel is heated and the 
plasma channel expands (see figure 9b).  From current trace, the duration of the spark discharge 
amounts to 460 ns corresponding to the full width at half maximum of the current amplitude (see 
figure 8). 
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Figure 8. The voltage and current measurement at the electrode of the APC probe and the tissue on the 
opposite electrode for one voltage pulse.  
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Figure 9. Inverse microphotograph of the APC discharge during the positive high voltage half period 
(a) streamer channel and b) spark discharge) on porcine kidney.  
 
 
For characterization of the plasma parameters for the APC discharge OES diagnostic is used, 
where only emission intensities in the 'spark'-phase (positive phase) of the discharge is considered. 
The intensity of nitrogen emission in the 'glow'- phase (negative phase) of the discharge is an order of 
magnitude lower and is not characterized within the frame of this paper.  
 
To calculate the steady state density of nitrogen molecular ions required for determination of 
electron density applying (16), we apply the reaction scheme presented in table 1.  
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Table 1. Plasma-chemical reactions and their rate coefficients for determination of nitrogen molecular 
ions density in APC discharge 
 
              Reaction Rate constant Reference 
 Ar + e  Ar+ + 2e Depends on fv(E) Calculated applying eq. 12 
 Ar + e  Ar* + e Depends on fv(E) Calculated applying eq. 12 
 Ar* + e  Ar+ + 2e Depends on fv(E) Calculated applying eq. 12 
 Ar
+
 + 2Ar  Ar2
+
 + Ar 2.710-43 m6·s-1 [28] 
 Ar2
+
 + e  Ar + Ar 
8.710-13(Te/300K)
-0.67 
(Tg/300K)
-0.58
 m
3
·s
-1
 
[28] 
 N2 + e  N2
+
 + 2e Depends on fv(E) Calculated applying eq. 12 
 N2
+
 + e  N + N 1.7510-13(Te/300K)
-0.30 
m
3
·s
-1
 [29] 
 
N2(X) + e  N2(A) + e Depends on fv(E) Calculated applying eq. 12 
N2(A) + e  N2(B) + e Depends on fv(E) Calculated applying eq. 12 
N2(A) + e  N2(C) + e Depends on fv(E) Calculated applying eq. 12 
N2(A)+ e  N2
+
 + 2e Depends on fv(E) Calculated applying eq. 12 
 N2
+
 + N2 + M  N4
+
 + M 510-41(300K/Tg)
1.67 
 m
6
·s
-1
 [30] 
 N4
+
 + e  products 2.610-12 m3·s-1 [31] 
 Ar
+
 + N2 N2
+
 + Ar 1.110-17(Tg/300K)
0.5
 m
3
·s
-1
 [32] 
 
Calculation under steady state conditions shows that argon atomic ions are produced mainly in 
stepwise ionisation via excited argon states (metastable and resonance) at low electric field conditions 
and direct ionisation at high electric field. Argon ions produce molecular ions Ar2
+
 in a three body 
reaction. Because of very effective molecular ion-electron recombination collisions, the density of 
Ar2
+
 ions amounts to about 0.2% of the atomic ions. Nitrogen molecular ions are produced mainly by a 
charge exchange reaction with the argon atomic ions. Lifetime of nitrogen molecular ions is short at 
high electron density because of the effective molecular ion-electron recombination. The steady state 
density of N4
+
 ions is negligible at our plasma conditions because of very effectively neutralisation 
process by collisions with electrons. Generally, the density of nitrogen molecular ions amounts to 
about 4% of argon atomic ions for our APC plasma conditions. 
 
Electron densities calculated at APC discharge conditions by variable electric field applying (16-18) 
are presented in figure 10 (and with better resolution in figure 11). By determination of electron 
density using equation (16), a method of successive approximations is applied because nitrogen 
photoemission can be excited by reaction with excited argon atoms, whereby the rate constant 
*Ar
)C(N2
K  
depends on the electron density. Four iterations are performed to receive a consistent solution. At that 
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electron density determined after the fourth iteration differs from that determined by  0K *Ar )C(N2   to 
about 13%.  
 The intersecting points of the curves presented in figure 10 at high electric field (about 1800 
Td) give no reliable solution to the system of equations (16-18). This value of reduced electric field 
corresponds to a voltage of about 17 kV in the gas gap that is about an order of magnitude higher than 
the possible maximum value. Furthermore, the measured emission spectrum of nitrogen and current 
density cannot be interpreted in the range of high electric field. The intersecting points of the 
corresponding curves in the figure 10 in the high electric field region provide electron density values, 
which differ from each other to about two orders of magnitude. Hence, the points of intersection of the 
curves in the high field region are not suitable in the studied APC discharge condition.    
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Figure 10. Graphical interpretation of equations system (16-18) for APC discharge in Ar/ N2 mixture. 
■ -  applying ratio of nitrogen emissions (16), ▲ -  absolute intensity of N2(C-B,0-0) emission (17),  ● 
- current density (18).   
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Figure 11. Graphical interpretation of equations system (16-18) for APC discharge in Ar/ N2 mixture. 
■ -  applying ratio of nitrogen emissions (16), ▲ -  absolute intensity of N2(C-B,0-0) emission (17),  ● 
- current density (18). Additional lines present confidence intervals of determined electron density. 
 
 
A reliable solution to the system of equations (16-18) is at the low voltage region, where there 
is no “single point” of intersection but three different crossing points near the others can be found. 
Overlapping of all three confidence interval bands occurs in figure 10 near the point E/N = 6.9 Td and 
ne = 9.810
21
 m
-3
.  Confidence intervals for the data presented in figure 11 are mainly caused by 
dispersion of measured intensities of nitrogen emissions 
)00,BC(N2
I

and 
)00,XB(N2
I

to about 25%, 
rate constants of emission quenching ( )C(N2k , )(2
k
BN 
) to about 30% [10], and current measurement to 
about 4%.  
Dispersion of measured intensities of nitrogen photoemission in APC discharge is abnormal 
large ( 25.0
I
I


). Possible reason of this effect could be the variation of the tissue impedance 
because of desiccation of the porcine kidney during the APC discharge application. 
 
5. Discussion 
        The different discharge parameters measured for the homogeneous and filamentary DBD modes, 
and the APC discharge are presented in Table 2. The plasma parameters determined in the frame of the 
plasma-chemical model, where nitrogen emissions are excited at these plasma conditions by direct and 
stepwise processes (16-18) are presented in the Table 3. 
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Table 2. The parameters measured in the homogeneous and filamentary DBD modes, and APC 
discharge (nitrogen emission is corrected to the quenching). tp – plasma duration, dp – plasma 
diameter, Iavr – averaged electric current. 
 
Kind of 
plasma 
Tg 
(K) 
tp 
(ns) 
dp 
(m) 
Iavr 
(A) 
)(2 BCN
I   
(photons·s
-1
·m
-3
) 
)(2 XBN
I

 
(photons·s
-1
·m
-3
) 
Homogeneous 
DBD 
330 ± 10 18 
 
1.0·10
-2 
 
0.275  1.20·10
21
 2.74·10
20
 
Filamentary 
DBD 
530 ± 30  20  
 
1.0·10
-4 
 
0.220  1.62·10
23
 3.52·10
21
 
APC 
discharge 
(spark) 
1400 ± 
100 
460  
± 10 
 
1.7·10
-4  
± 2·10
-5 
 
1.060  
± 0.04  
3.36·10
27
 1.98·10
28
 
 
 
Table 3. Plasma parameters determined in homogeneous and filamentary DBDs and APC discharge 
applying OES and current measurement using system of equation (16-18) (see text).  
 
 
Kind of plasma 
Plasma parameters determined from the intersection of curves 
eq. (16) and eq. (17) eq. (16) and eq. (18) eq. (17) and eq. (18) 
E/N (Td) ne  (m
-3
) E/N (Td) ne  (m
-3
) E/N (Td) ne  (m
-3
) 
Homogeneous DBD 230 7.81016 230 1.01017 192 1.21017 
Filamentary DBD 196 8.71020 196 9.11020 192 9.31020 
APC discharge 7.0 1.41022 5.9 7.91021 7.8 7.41021 
 
 
The electric field determined in homogenous DBD is slightly higher than the electric field for 
ignition in our experimental conditions determined using Paschen law (about 180 Td) [33]. The 
homogeneous DBD is ignited in our experiment applying about 10 kV. This voltage is divided into 
three capacitances in series, namely ceramic with thickness of 1 mm, air gap of 2 mm, and glass plate 
with thickness of 1 mm. The capacitance of the air gap is lower than other capacitances in this electric 
circuit and the voltage in the air gap amounts to 90% of the applied voltage, for example 9 kV at 
plasma ignition. This value agrees well with the ignition voltage in air obtained for our experimental 
conditions applying Paschen curve [33]. The frequency of the high voltage pulses is low (300 Hz) and 
the residual charge in the air gap and on the electrode surfaces is also low. Therefore the electric field, 
which is not disturbed by space charge amounts to about 200 Td at plasma ignition. The electron 
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avalanches, which start at discharge ignition, reach the opposite electrode in about 5 ns. After 
ionisation of the gas between the electrodes, the charge in the gap is polarised and a cathode fall is 
formed. The measured duration of plasma current in homogeneous DBD amounts to 18 ns which is 
long enough for formation of the cathode fall. The electric field and the photoemission intensity near 
the cathode fall is higher than those in other parts of the air gap. In our experiment, the spectrometer 
observes the whole gap during the homogeneous DBD. Maybe, these space variations of electric field 
and photoemission in homogeneous DBD are reasons of slightly higher than expected electric field (up 
to 230 Td) determined in our experiment. 
The averaged electric field  measured in our DBD operated in filamentary mode (about 195 
Td) differs strongly from electric field determined in the streamer head propagated in air at 
atmospheric pressure (higher than 500 Td) [21], [34]. At our experimental conditions, streamer 
discharge that crosses the air gap initiates filamentary discharge on the surface of the ceramic [1]. The 
average electric field in discharge at the surface is higher than in the filament that crosses the air gap. 
To exclude influence of surface discharge on OES diagnostic, we use a diaphragm and thereby the 
spectrometer collects the photoemission of the middle part (about 1.5 mm) of the plasma filament 
ignited between Al-spike and ceramic. The streamer head crosses the observed volume with a velocity 
of about 5105 m∙s-1, for example during 3 ns. Therefore, the spectrometer measures mainly 
photoemission of the streamer body. Electric field in this part of the streamer is lower than in the head 
[34]. Furthermore, after production of a conductive channel and the polarisation of charge, a cathode 
fall is formed and the electric field in the middle region between electrodes decreases.        
The results presented in figure 7 and in table 3 testify that despite strong space and temporal 
variations of plasma parameters during ignition of transient discharges (DBD), the OES and current 
diagnostics provide consistent information about plasma parameters and can be used for averaged  
plasma characterization.        
Our investigations show that, when plasma conditions are not clear a priory, both direct and 
stepwise excitation of nitrogen emissions by electron impact must be considered for OES diagnostics 
because equal intensities of nitrogen can be excited at low electric field with high electron density as 
well as at high electric field with low electron density [6]. To decide the reliable and appropriate 
solution at the studied plasma conditions, some additional information is required, for example, the 
difference in rotational temperature between the neutral nitrogen molecules and the nitrogen ions. 
Rotational distribution in emission spectra of neutral and ionized molecules was used for this purpose 
[6].  Diatomic molecular nitrogen ions are accelerated in the electric field and by collisions with 
neutral gas specie the rotational degrees of freedom are heated [35]. The rotational temperature of 
N2
+
(X) increases and differs from the gas temperature, which corresponds to the rotational temperature 
of neutral molecules. The momentum of heavy nucleus is changed only slightly by electron impact 
excitation. Therefore, if N2
+
(B-X) emission is excited by electron impact of nitrogen ions, the latter 
must have a higher rotational temperature than the surrounding gas. This temperature difference is 
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used to conclude that stepwise excitation via N2
+
(X) is important for excitation of ionic nitrogen 
emission N2
+
(B-X,0-0) in a high frequency plasma in nitrogen at atmospheric pressure [6].  
However, this method of the temperature difference is not always useful, e.g. by disturbance 
of nitrogen emission bands by intense photoemission of other molecules, like CN(B-X) in APC 
discharge.  
As a solution to this problem, it is shown here that the measured current can be effectively 
used to identify the averaged plasma parameters existing at DBD and APC discharge conditions. 
Current measurement together with microphotography and calculation of drift velocity for variable 
electric field can complement OES diagnostics, and help to find reliable plasma parameters (see figure 
7, 10) because only at this (reliable) condition the measured nitrogen emission and electric current can 
be described simultaneously. According to the results presented here, we conclude that the assumption 
of including only direct electron impact excitation of N2(X) state in the model for OES diagnostics of 
DBD conditions [1], [2], [3] is valid. This is valid not only in the homogeneous mode, where electron 
(and nitrogen ions) density is low, but also in the filamentary mode, where electron (and ions density) 
is three order of magnitude higher than the homogeneous mode. Because of rapid charging of 
dielectric surface and therefore, short duration time of DBD pulse, the applied spectrometer observes 
mainly the propagation of the electron avalanches (in the homogeneous mode), and streamer head (in 
the filamentary discharge). In both cases, ionization front propagates in the neutral gas with high 
ionisation potential and for that high electric field is required. At this condition, stepwise excitation of 
N2
+
(B-X) emission via N2
+
(X) is negligible in comparison to direct electron impact excitation.     
              The APC discharge is ignited by applying high voltage. While applying high voltage, the 
APC discharge consists of two different discharge types namely a spark and a glow discharge during 
the positive and the negative half period. For our investigations, the time-integrated measurements 
with the applied spectrometer represent photoemission mainly from the positive phase glow discharge.  
Intensity of photoemission in negative phase of applied voltage determined using microphotography 
amounts only 10% of total photoemission measured in the APC discharge. Hence, most photoemission 
is produced during positive phase of APC discharge and the averaged plasma parameters determined 
by applying OES diagnostic (16, 17) characterize spark and positive phase of glow discharge. 
 The exact solution for the system of equations (16-18) by graphical interpretation is presented 
by the intersection of all three curves in one point. But because of inaccuracy of the measured 
parameters, namely intensities of photoemission, current, diameter of the plasma channel, etc., three 
crossing points near each other are observed at all three discharge conditions (see figure 7, 11).  
As was mentioned above, current measurement can complete OES diagnostics by 
characterization of microdischarges and help to determine reliable plasma parameters. Furthermore, 
combination of numerical simulation, current measurement, and ratio of nitrogen molecular emissions 
provide the possibility to obtain plasma parameters using equations (16) and (18) without using a 
calibrated spectrometer because the vibrational structure in N2(C-B) emission corresponds to Franck-
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Condon factors, is independent of plasma conditions and can be used for relative calibration itself. 
This possibility will be studied in our forthcoming experiments.   
 
5. Summary 
Three diagnostics methods namely optical emission spectroscopy, numerical simulation, and current 
measurements are applied for characterization of three transient discharges, namely filamentary and 
homogeneous DBDs in air, and APC discharge with very different plasma conditions. Nitrogen is used 
as sensor gas, where the emission of nitrogen molecule is studied and temporal and space averaged 
plasma parameters (electron distribution function and electron density) are determined. Two plasma-
chemical models for excitation of nitrogen emission are considered, namely excitation by electron 
impact of nitrogen molecule in ground state and step wise excitation of nitrogen emission by electron 
impact excitation of nitrogen ions and metastables. It was established that the former can be applied 
for characterization of transient discharge, like DBD, while the latter is valid for high density 
discharges like spark that is ignited in APC source. It has been shown that current measurement is a 
consistent diagnostic method and can complement optical emission spectroscopy and numerical 
simulation.   
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